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ABSTRACT
We present new constraints on gas-phase C, N, and O abundances in the molecular layer of the IM
Lup protoplanetary disk. Building on previous physical and chemical modeling of this disk, we use new
ALMA observations of C2H to constrain the C/O ratio in the molecular layer to be ∼ 0.8, i.e., higher
than the solar value of ∼ 0.54. We use archival ALMA observations of HCN and H13CN to show that
no depletion of N is required (assuming an interstellar abundance of 7.5× 10−5 per H). These results
suggest that an appreciable fraction of O is sequestered in water ice in large grains settled to the disk
mid-plane. Similarly, a fraction of the available C is locked up in less volatile molecules. By contrast,
N remains largely unprocessed, likely as N2. This pattern of depletion suggests the presence of true
abundance variations in this disk, and not a simple overall depletion of gas mass. If these results hold
more generally, then combined CO, C2H, and HCN observations of disks may provide a promising
path for constraining gas-phase C/O and N/O during planet-formation. Together, these tracers offer
the opportunity to link the volatile compositions of disks to the atmospheres of planets formed from
them.
Keywords: accretion, accretion disks — astrochemistry — stars: pre-main sequence
1. INTRODUCTION
Gas-rich circumstellar disks around young stars pro-
vide a window to study the materials that are incorpo-
rated into forming planetary systems. Chemistry and
dynamics in the disk can shift the balance of gas- ver-
sus ice-phase volatiles containing, e.g., carbon, nitro-
gen, and oxygen. In the core accretion paradigm (Pol-
lack et al. 1996), those materials that end up as rocks
or ices are incorporated into the “solid” planetesimals,
while the remaining gas can be accreted into natal plan-
ets’ atmospheres. Correspondingly, it is essential to un-
derstand the form volatiles containing carbon, nitrogen,
and oxygen take in the disk spatially and over time, to
understand the initial elemental compositions of form-
ing planets (e.g., O¨berg et al. 2011a; Piso et al. 2016;
Cridland et al. 2016, 2017).
Many processes can alter the gas versus solid abun-
dances in the disk, including snow lines (e.g., O¨berg
et al. 2011a), chemistry (Bergin et al. 2014; Furuya &
∗ Hubble Fellow
† Jansky Fellow of the National Radio Astronomy Observatory
Aikawa 2014; Eistrup et al. 2016; Schwarz et al. 2018),
mixing and/or diffusion of gas (e.g., Semenov & Wiebe
2011; Kama et al. 2016), and redistribution of ices as
dust grows and evolves (e.g., Hogerheijde et al. 2011;
Piso et al. 2016; Krijt et al. 2016; O¨berg & Bergin
2016). To date, observations of various carbon and
oxygen carriers have suggested a substantial “missing”
volatile mass within the disk molecular layer as traced
by CO in the submillimeter (Favre et al. 2013; Cleeves
et al. 2015; Zhang et al. 2017) and H2O vapor in the
far-infrared with Herschel (Bergin et al. 2010; Hogerhei-
jde et al. 2011; Du et al. 2017), though see also Kamp
et al. (2013) regarding model dependencies. For the few
disks where estimates for both exist, more water in the
disk surface is “missing” than CO when compared to in-
terstellar abundances, and both have abundances lower
than what simple desorption (thermal and non-thermal)
models predict (e.g., in TW Hya’s disk; Hogerheijde
et al. 2011; Favre et al. 2013; Schwarz et al. 2016; Kama
et al. 2016; Cleeves et al. 2015).
Absolute elemental abundances are often difficult to
estimate due to uncertain hydrogen disk masses. In this
context, relative elemental abundances, such as C/O
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and N/O are promising avenues toward robustly char-
acterizing disk volatile compositions. Recently, Bergin
et al. (2016) reported bright hydrocarbon rings of C2H
and c−C3H2 in the TW Hya (see also Kastner et al.
2015) and DM Tau disks. Using chemical models, Bergin
et al. (2016) found the abundances of these small hydro-
carbons were especially sensitive to the gas-phase C/O
ratio of the disk. The observations required high C/O
values, > 1, to reproduce the observed line intensities
(see also Du et al. 2015). Such prospects for measuring
C/O in disks are now especially exciting as we enter an
era where the elemental compositions, including C/O, of
exoplanets’ atmospheres (e.g., Madhusudhan et al. 2011;
Kreidberg et al. 2014; Macintosh et al. 2015; Bonnefoy
et al. 2016; Lavie et al. 2017).
In contrast to carbon and oxygen abundance esti-
mates, there are few constraints on total nitrogen abun-
dances or N/O ratios in disks owing in large part to
the difficulty of observing the likely primary nitrogen
carrier, N2, (e.g., Schwarz et al. 2016, and references
therein). Abundant nitrogen bearing species, such as
N2H
+ and HCN, are sensitive to other disk parameters
than total N abundance, such as temperature structure,
carbon abundance, and ionization rate. As such, in-
terpreting these species in the context of bulk nitrogen
abundance requires detailed knowledge of the source.
In this work, we constrain the carbon, nitrogen, and
oxygen content of the warm molecular layer in the IM
Lup protoplanetary disk using results from our previous
study of CO and its isotopologues (Cleeves et al. 2016)
and new and archival ALMA observations of C2H and
HCN and H13CN. The solar mass star IM Lup harbors
a massive gas rich disk, Mdisk ∼ 0.1 − 0.2 M based
upon continuum (SED and resolved millimeter images)
and CO multi-isotopologue multi-line data presented in
(Cleeves et al. 2016). The source is relatively young at
an age of 0.5− 1 Myr (Mawet et al. 2012).
In Cleeves et al. (2016), we found that IM Lup’s CO
is under-abundant by a factor of ∼ 20 compared to an
interstellar CO abundance of 1.4 × 10−4 per H based
upon the dust-inferred disk mass. For comparison, this
younger object appears to be “missing” less CO than
the older TW Hya system, whose CO abundance is ∼
3 − 5× less abundant than IM Lup (e.g., Favre et al.
2013). However, based on this data alone it is difficult
to tell whether the observed “missing” gas-phase CO is
a result of missing carbon or missing oxygen or both;
or, alternatively, missing total gas mass compared to
dust. In the present paper, we explore what C/O and
N/O abundance ratios are required in the disk’s warm
molecular layer to reproduce the observed C2H, HCN,
and HC13N line intensities.
2. OBSERVATIONS
2.1. ALMA Observations and Data Reduction
IM Lup was observed as part of a survey of nitrogen
isotope chemistry and deuterium chemistry presented in
Guzma´n et al. (2017) and Huang et al. (2017), respec-
tively. Despite this source being one of the most gas-rich
disks and bright in HCN J = 3−2 (see also O¨berg et al.
2011b), the H13CN J = 3 − 2 line was not detected at
a per channel RMS of 3.6 mJy per beam in 0.5 km s−1
channels (Huang et al. 2017). The observations of HCN
J = 3− 2 and H13CN J = 3− 2 are presented in Huang
et al. (2017) (see also Guzma´n et al. 2017) and are not
reproduced here.
The C2H N = 3 − 2 hyperfine complex was observed
with ALMA as part of the Cycle 3 2015.1.00964.S pro-
gram (PI: O¨berg) on 01 May 2016 with 41 antennae
for 12 minutes on source. The observations were cal-
ibrated by ALMA/NAASC staff using J1517-2422 for
the bandpass, J1610-3958 for the phase and amplitude,
and Titan for the flux calibration. We performed one
additional round of phase self-calibration using the con-
tinuum within the spectral window containing the line.
For the self-calibration, we use a solution interval of
30 seconds and average both polarizations. The con-
tinuum is estimated from line-free channels within the
same spectral window, which is then subtracted in the
uv-plane to obtain continuum-subtracted images. We
detect two blended hyperfine pairs of C2H N = 3 − 2,
the J = 5/2 − 3/2 F = 2 − 1 and F = 3 − 2 pair and
the J = 7/2 − 5/2 F = 3 − 2 and F = 4 − 3 pair, see
Table 1. While the pairs are blended in velocity space,
the inclined orientation of the Keplerian disk causes the
emission from each of the pairs to be mostly spatially
resolved on the sky. Images are generated using CASA
4.7 (McMullin et al. 2007) and the clean task. Figure 1
shows velocity-averaged channel maps and moment-0
maps tapered to 1” to improve signal to noise. The
moment-0 maps show the integrated combined emission
from each pair after clipping the individual channels be-
low 1σ. The disk-integrated spectrum of the observed
C2H transitions is shown in Figure 2 for each of the hy-
perfine pairs integrated within a 4” radius circular aper-
ture. Table 1 provides the C2H N = 3−2 disk integrated
fluxes within this aperture, with errors estimated from
a 4” circular aperture in line-free portions of the spec-
trum combined with 10% calibration uncertainty added
in quadrature.
3. METHODS
The following sections describe our methods to con-
strain carbon, oxygen, and nitrogen abundances in IM
Lup’s disk using chemical models to find what elemental
C, N, and O Abundances in the IM Lup disk 3
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Figure 1. Channel maps of C2H N = 3− 2 for the a) J = 5/2− 3/2 pair and b) J = 7/2− 5/2 pair, channel averaged by a factor
of two for clarity. THe solid contour line indicates 3σ. The beam is in the lower left corner. The VLSR in km s−1 is indicated
in the bottom right corner of each panel. The purple ellipse on the right panels indicates the scale of the millimeter thermal
dust emission, R = 313 AU (Cleeves et al. 2016).
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Figure 2. C2H N = 3− 2 spectra extracted from a circular
4” mask. The dotted line indicates the line centers for each
pair in the rest frame of the F = 2− 1 (top) and F = 3− 2
(bottom) transitions.
Table 1. C2H N = 3− 2 Line Observations
Transition Rest Disk-Integrated
Freq. Flux Density (Blended)
[GHz] [Jy km s−1]
J = 5/2− 3/2 F = 2− 1 262.067 0.56± 0.08
J = 5/2− 3/2 F = 3− 2 262.065
J = 7/2− 5/2 F = 3− 2 262.006 0.76± 0.11
J = 7/2− 5/2 F = 4− 3 262.004
Note—Uncertainties are quadrature combined RMS scatter and
10% calibration uncertainty.
abundances best reproduce the C2H, HCN, and H
13CN
observations, while also remaining consistent with the
previous CO constraints (Cleeves et al. 2016).
3.1. Disk Physical Model
We use the underlying disk structure derived in
Cleeves et al. (2016), which we summarize here. The
disk surface density follows the self-similarity solutions
of Lynden-Bell & Pringle (1974), with an inner power
law and outer exponential taper in the disk surface den-
sity. The disk is vertically extended and flared, with a
gas scale height of 12 AU at 100 AU. The millimeter
grains form a thinner layer (25% of the gas scale height)
and contain 99% of the total dust mass, Mdust = 0.0017
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M. We furthermore assume small grains follow the
gas distribution and allow the millimeter grains to have
a separate power law distribution with a cut off at the
millimeter emission edge at 313 AU. The small grains
provide the greatest surface area per unit mass, and also
fill most of the disk volume, and thus are the most im-
portant for the grain surface chemistry in the observable
layers of the disk (& 1 scale height). In the model, we
track the total surface area per unit volume throughout
the disk as an input to the chemical calculations.
The gas and dust temperature structures are fixed,
where the dust temperature is calculated assuming ra-
diative equilibrium with a stellar Teff = 3900 K and
R∗ = 2.5 R (Pinte et al. 2008; Cleeves et al. 2016).
We note Alcala´ et al. (2017) provides updated stellar
parameters for IM Lup; however, to within the uncer-
tainties the new values are similar, and so we have cho-
sen to keep these values fixed to more readily compare to
previous work. The gas temperature deviates from the
dust temperature in the disk upper layers where there is
both FUV heating from the central star and the exter-
nal radiation field, where we fix the external radiation
field to be G0 = 4 Habing (Haworth et al. 2017; Pinte
et al. 2018; Cleeves et al. 2016).
For the stellar high energy radiation field, we use the
UV spectral template of TW Hya normalized to the
observed Swift UVM2 flux density from IM Lup, and
the “quiescent” X-ray template presented in Cleeves
et al. (2013) normalized to the observed integrated X-
ray luminosity provided in Gu¨nther et al. (2010) of
4.3× 1030 erg s−1. The wavelength dependent radiation
transport is calculated for both UV and X-rays using
the code of Bethell & Bergin (2011).
3.2. Chemical Modeling Procedure
We calculate the 2D chemical abundances of C2H and
HCN using a time-evolving gas-grain model first pre-
sented in Fogel et al. (2011) and updated and expanded
in Cleeves et al. (2014). The chemical model takes into
account the spatial changes in dust surface area per unit
volume as described in Section 3.2.1 and Appendix A.
The simulations are run over 0.5 Myr, corresponding
to the lower age limit of IM Lup. However, we reach
steady state in the warm molecular layer (the region
probed by the observations) well before this time and
the results are not affected by this choice. Therefore,
we find this assumption does not significantly impact
our results. We use a non-deuterated chemical network
with 5974 reactions and 638 species. We do not take
into account carbon isotope chemistry. For the H13CN
J = 3 − 2 line radiation transfer, we simply take the
model HCN abundance and assume an isotope ratio of
12C/13C = 70 (Prantzos et al. 1996).
The two main variables considered in the modeling
are:
1. the initial C, N, and O abundances (Section 3.2.2)
2. the cosmic ray ionization rate, ζCR.
Based on theory (Cleeves et al. 2013) and observations
of the TW Hya disk (Cleeves et al. 2015), the typical cos-
mic ray ionization in disks may be low, ζCR ≤ 2×10−19
s−1 per H2. These low rates may be related to magne-
tized wind modulation or deflection by tangled magnetic
fields within the disk (Cleeves et al. 2013). We consider
models that have a cosmic ray ionization rate similar to
TW Hya and values approximately one order of magni-
tude higher and one order of magnitude lower. These
models correspond to the “T Tauri minimum modula-
tion” (ttm; ζCR = 1.0× 10−20 s−1 per H2), “Solar Sys-
tem maximum” (ssx; ζCR = 2.0×10−19 s−1 per H2), and
the “Solar System minimum” (ssm; ζCR = 1.3 × 10−18
s−1 per H2) from Cleeves et al. (2013).
3.2.1. Model updates
For the present study, the chemical code has been up-
dated in three ways. First, we have improved the grain
surface chemistry to provide more “realistic” reaction
rates. In the past, we have allowed all ice at a given time
to participate in grain-surface chemistry, since our code
does not treat the multi-layered nature of the ice like
the models of, for example, Hasegawa & Herbst (1993),
Vasyunin & Herbst (2013), Garrod (2013), and Furuya
et al. (2016). As such, without taking layered ices into
account, we had implicitly enhanced the efficiency of
grain surface chemistry, since more realistically we ex-
pect primarily the ice surface to be reactive. To approx-
imate this behavior, we multiply the reaction rates by
(number of monolayers)−1, except for atomic H, which
we expect to exist mainly as part of the reactive sur-
face. Incorporating this effect is an especially impor-
tant addition given that most disks appear to have a
large amount of settled dust mass, i.e., have a deficit
of small grains in their surface, including IM Lup. Es-
sentially, at a fixed volatile abundance, the ice-coating
on a given grain can become “thicker” with decreasing
total grain-surface area per volume, making less of the
ice mobile and reactive.
The second chemical code update is to include a
temperature-dependent sticking coefficient as described
in He et al. (2016), rather than assuming perfect stick-
ing for all species. We adopt the generic fit from He
et al. (2016) Table 1, except for gas-phase water, where
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we still assume perfect sticking due to its highly polar
nature.
The third model update is the incorporation of N2 self-
shielding using the Li et al. (2013) shielding functions
and the vertically calculated H2 and N2 column densi-
ties. Without the latter, we over-predict the atomic N
density and under-predict the N2 density.
3.2.2. Model abundances
Table 2. Fixed chemical abundances besides
CO/C+/H2O ice relative to total H atoms.
Molecule Abundance Molecule Abundance
H2 5.00× 10−1 He 1.40× 10−1
N2 3.75× 10−5 CS 4.00× 10−9
SO 5.00× 10−9 HCO+ 9.00× 10−9
H+3 1.00× 10−8 C2H 8.00× 10−9
Si+ 1.00× 10−9 Mg+ 1.00× 10−9
Fe+ 1.00× 10−9
Note—Note: N2 abundance varied in Section 4.3.
The primary goal of this work is to constrain the total
amount of volatile carbon, nitrogen, and oxygen in the
upper layers of the disk, which may not have solar or
interstellar bulk composition. Furthermore, we wish to
remain agnostic to the specific process leading to devi-
ations in the bulk abundances from interstellar values.
To accomplish this, we take the simple approach of ad-
justing the initial chemical abundances in our models to
explore a range of possible total C/H, O/H, and N/H
abundances to jointly reproduce the ALMA observations
of C2H and HCN within our Cleeves et al. (2016) model
framework.
We have examined the models to ensure that they
reach a pseudo-steady state for the species of interest in
the warm molecular layer between radii of 20 and 300
AU within a relatively short timescale (∼ 103 years, or
0.2% of the simulation time). Essentially, the chemistry
in this layer quickly re-adjusts to the local conditions
and is most sensitive to the bulk C, N, and O content
rather than the details of the initial abundance profile.
This feature of the warm molecular layer chemistry al-
lows us to constrain the abundances without needing
the full (and uncertain) chemical and physical history
of the gas. To confirm this behavior, we have tested
models where we move the carbon, oxygen, and nitrogen
into different carriers, e.g., N2 versus N versus NH3 and
achieve similar output abundances in the warm molec-
ular layer (z/r & 0.2) to within a few percent.
The abundances of the species that are not varied
are listed in Table 2, and are motivated by molecular
cloud model abundances (Fogel et al. 2011; Cleeves et al.
2016). Species whose abundances are altered in the ini-
tial conditions are in Table 3. The baseline water abun-
dance has been updated to reflect the high-end of inter-
stellar water ice measurements, χ(H2Oice) = 8 × 10−5
per H (Boogert et al. 2015), and thus relative depletion
factors in water reported here may be higher if the in-
trinsic interstellar water content is higher, e.g., hidden in
larger interstellar grains (i.e. van Dishoeck et al. 2014).
The starting point of our depletion models is our 2016
paper which revealed CO to be under-abundant by a
factor of 19 relative to an interstellar CO abundance of
1.3×10−4 per H (Ripple et al. 2013), updated from pre-
viously 1.4× 10−4 per H. For each abundance mixture,
we require there to be sufficient elemental C and O to be
able to produce a CO abundance of 7×10−6, but not ex-
cess. For example, the carbon abundance can be 7×10−6
per H, and the oxygen abundance can be this value or
greater (carbon-limited models). Similarly, oxygen can
have the same 7×10−6 per H abundance, but with equal
or excess carbon (oxygen-limited models). For the ni-
trogen depletion factors, our primary carrier is N2, and
to simulate nitrogen “removal” we directly reduce the
initial N2 abundance.
Even though the chemical reprocessing timescales are
short in the upper layers (z/r ≥ 0.25) of the disk, we
have nonetheless attempted to create “realistic” initial
compositions rather than purely atomic. As seen in Ta-
ble 3, the oxygen and carbon are primarily in H2O, CO
and C+ when needed. This choice does not affect the
main goals of this study (reproducing the observables),
Table 3. Abundances of key C and O species.
C/O C+ CO H2O(gr)
0.08 0.0 7× 10−6 8× 10−5
0.47 0.0 7× 10−6 8× 10−6
0.64 0.0 7× 10−6 4× 10−6
0.81 0.0 7× 10−6 1.6× 10−6
0.9 0.0 7× 10−6 8× 10−7
0.95 0.0 7× 10−6 4× 10−7
1.0 3.5× 10−6 3.5× 10−6 3.5× 10−6
1.86 9.5× 10−6 3.5× 10−6 3.5× 10−6
3.71 2.25× 10−5 3.5× 10−6 3.5× 10−6
Note—Models with C/O ≤ 1 are carbon limited,
while models with C/O ≥ 1 are oxygen limited.
In the latter case, the oxygen is split between CO
and H2O(gr).
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but results in more realistic midplane chemical abun-
dances.
3.3. Model - Observation Comparison
We simulate the C2H N = 3− 2, HCN J = 3− 2, and
H13CN J = 3 − 2 observations using the non-LTE ra-
diative transfer code LIME v1.81 (Brinch & Hogerheijde
2010). We use the collisional rates input files provided
by the Leiden LAMDA database (Scho¨ier et al. 2005).
All calculations take into account full non-LTE radia-
tion transfer. The HCN and H13CN collision rate data
is assumed to be the same and sourced from Green &
Thaddeus (1974) and does not include hyperfine struc-
ture. The C2H collision rate data is from Spielfiedel
et al. (2012). The non-LTE analysis is especially im-
portant given that the C2H is abundant in our mod-
els across a wide range of densities, down to nH ∼ 105
cm−3. We simulate each of the C2H J = 5/2 − 3/2 and
J = 7/2− 5/2 line pairs together since their emission cov-
ers the same frequency space, even if the emission is not
blended spatially. While the CO gas extends out as far
as ∼ 1000 AU, the HCN and C2H and HCN extend to
about ∼ 500 AU, and so we limit our emission models to
this radius to only constrain the abundances where C2H
is well-detected, and discuss the implications of this in
Section 5.2.
The line and millimeter continuum data are modeled
in LIME simultaneously as the millimeter continuum
opacity is known to be high in this source, especially
in the inner disk (Cleeves et al. 2016). The continuum
at these wavelengths is is entirely midplane dominated,
in a thin vertical layer. We have not attempted to ad-
just the inner disk opacity as in Cleeves et al. (2016),
and note that the main effect would be to reduce the ob-
servable line flux from the inner R . 40 AU, where the
C2H indeed shows an inner depression (see Figure 1).
The input gas velocities include Keplerian rotation
around a solar mass star, thermal broadening, and a
fixed turbulent velocity of 100 m s−1. The final spectral
resolution of the C2H, HCN, and H
13CN simulations is
0.28, 0.28, and 0.35 km s−1, but we simulate the cubes
at 40× higher spectral resolution than observed and av-
erage down to take into account blurring due to channel
averaging. The simulations assume a fixed distance of
161 pc (Gaia Collaboration et al. 2016, DR1), and a
fixed inclination of the disk midplane of 48◦ (Cleeves
et al. 2016). The updated DR2 distance is 158 ± 3 pc,
which is sufficiently consistent with the DR1 value, and
so we have kept the DR1 distance for ease of comparison.
1 https://github.com/lime-rt/lime
The models are compared to the ALMA data in
the visibility plane, where the vis sample package
(Loomis et al. 2018)2 is used to sample the LIME chan-
nel maps at the same spatial frequencies as were ob-
served to create the model visibilities. To assess the
goodness-of-fit for models, we compare the χ2 between
the observed and simulated continuum subtracted visi-
bilities. The total model grid size is nine values of C/O
and three values of ζCR for 27 models total.
4. RESULTS
4.1. Chemical Model Results
Figure 3 presents the 2D chemical abundances for a
selection of C/O ratios and the intermediate CR rate
value. It is clear that the C2H is strongly sensitive to
the C/O ratio in the gas, confirming early results of
Bergin et al. (2016). The C2H abundance is most sen-
sitive for our models below C/O of 1.86, where there
is a sharp column density transition straddling C/O of
∼ 1, clearly seen in the two orders of magnitude jump
in C2H column densities going from C/O of 1.86 to 0.95
in Figure 4. C2H is essentially unaffected by the cosmic
ray ionization rate for the three model values consid-
ered. This lack of dependence occurs because C2H is
abundant in a layer wrapping around the disk that is
UV dominated rather than cosmic ray dominated (see
Figure 3 and Bergin et al. 2016).
We can also see that the radial morphology of the
column densities changes substantially with C/O (Fig-
ure 4). For high values ≥ 1, the C2H column den-
sity forms a narrow ring or is centrally peaked. At
low C/O ratios, the C2H column density forms a wide
ring that peaks outside of the millimeter dust disk
(Rmm = 313 AU). This transition occurs once the layer
of C2H interior to R . 300 AU becomes thin, with lit-
tle column density compared to the outer disk. Corre-
spondingly, the radial morphology of C2H can change
from peaked to ringed even with a uniform C/O ratio,
not necessarily requiring (but also not excluding) radial
variations in C/O (Bergin et al. 2016).
HCN is sensitive to both the C/O ratio in the gas
and the cosmic ray ionization rate, especially for models
with C/O ≥ 1. Higher values of C/O and ζCR generally
increase the HCN abundance. At a given radius, sim-
ilar column densities are achieved in models with high
CR rates and low C/O, and in models with low CR
rates and high C/O, though the overall effect on the ra-
dial column density profile is different (Figure 4). The
2D abundance morphologies are similar between HCN
2 https://github.com/AstroChem/vis sample
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Figure 3. C2H (top) and HCN (bottom) 2D abundances for different C/O ratios as labeled at the top of each column at an
intermediate cosmic ray ionization rate of ∼ 10−19 s−1 per H2. The dominant effect on the abundances of both C2H and HCN
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and C2H, though we find the HCN abundance is gener-
ally less than that of C2H for a given C/O value. One
morphological difference is that HCN extends vertically
deeper, with a base of z ∼ 60 AU at R = 300 AU com-
pared to C2H, which disappears below z ∼ 80 AU for
C/O < 1.
4.2. Fits to C2H Observations
Based upon the chemical modeling results in Sec-
tion 4.1, we can use the C2H observations to constrain
the C/O ratio in the IM Lup disk’s warm molecular layer
using the grid of C/O models described in Table 3 and
illustrated in Figures 3 and 4. The data and models
are compared in the visibility plane with the procedure
described in Section 3.3.
Figure 5 shows the (χ2 - minimum χ2 + 1) between
the data visibilities and our model visibilities varying
initial gas composition (C/O) and ζCR, where smaller
values indicate better fits. Note, adding 1 allows us to
plot the difference on log scale. For the C2H N = 3− 2
J = 5/2−3/2 pair of lines a C/O ratio of ∼ 0.81 is favored,
while for the C2H N = 3 − 2 J = 7/2 − 5/2 pair, C/O
of ∼ 0.7 is the best match. Combining both line pairs
favors the C/O = 0.81 model. We also find that the
C2H does not strongly distinguish between cosmic ray
ionization rate values, as we expected from the models
in Section 4.1. This C/O ratio corresponds to a water
ice depletion factor of 50× in the layer C2H is present
compared to an interstellar water ice abundance of 8×
10−5 per H (Boogert et al. 2015).
In the same figure, we also show the HCN J = 3 − 2
and H13CN J = 3−2 results for comparison. C/O values
of 0.7− 0.9 also fit the HCN data reasonably well, while
C/O of & 1 predicts detectable H13CN J = 3− 2 image-
plane emission, regardless of cosmic ray ionization rate,
inconsistent with observations.
4.3. Fits to HCN and H13CN Observations
We now consider models with bulk nitrogen depletion
to see whether we can arrive at a better fit for HCN
J = 3− 2 at a fixed value for C/O. Taking bulk C/O =
0.81 from Section 4.2, we reduce the nitrogen abundance
from the fiducial value of 7.5×10−5 N per H (i.e., 3.75×
10−5 N2 per H, see Table 2). Figure 6 shows the (χ2 -
χ2min + 1) values for this sub-grid of reduced nitrogen
models.
The global best fit is the low ζCR value, 1 × 10−20
s−1, and no nitrogen depletion. If instead we compare
models within a fixed CR ionization rate, the interme-
diate CR ionization rate model favors no N-depletion,
while the the high ζCR = 1.3× 10−18 s−1 model, favors
anywhere between no and 4× reduction in bulk nitro-
gen. However, even this factor is small compared to
the ∼ 20× depletion of CO, or that implied for water
and oxygen not in CO based on the C2H results, i.e., a
∼ 50× depletion.
5. DISCUSSION
5.1. Potential mechanisms behind elevated C/O and
N/O ratios
The relative differences in the abundances of the key
volatile carriers are consistent with a picture of sequen-
tial loss of volatiles from the warm molecular layer. Wa-
ter is the least volatile, freezing out at relatively high
temperatures. Therefore it will be most impacted by
the evolution of grains, through growth and settling, re-
moving oxygen from the surface over time (e.g., Hoger-
heijde et al. 2011). CO plays an active role in gas and
grain surface chemistry, and as such it is gradually con-
verted to species like CO2 and CH3OH, all of which can
freeze out onto grains and then become depleted from
the surface via dust settling (Bergin et al. 2014; Schwarz
et al. 2018). N2, however, is not as chemically active
in the disk surface. At cooler temperatures, below the
region of CO freeze-out, N2H
+ can form directly from
N2 and survive. In the surface, in the presence of CO,
this formation pathway is hindered, and most of the sur-
face chemistry requires N2 be dissociated before forming
other nitrogen-bearing species. As such, nitrogen will
be less chemically “processed” than the key oxygen and
carbon carriers and is expected to stay in its volatile
N2 form given its relatively low desorption temperature
(O¨berg et al. 2005). Consequently, sequestration into ice
and subsequent settling should theoretically be less ef-
fective for nitrogen-bearing species, consistent with our
results from the ALMA observations.
5.2. Gas-phase C/O and N/O constraints
The model grid presented in Section 3.2.2 focuses on
the total elemental abundances in both the gas and solid
phases, as these are most relevant for the chemical mod-
eling. The relevant values for comparing to observa-
tions of exoplanet atmospheres formed via core accre-
tion are the C/O and N/O ratios specifically in the gas
phase. Both CO and N2 are primarily in the gas phase
where our observations are most sensitive (i.e., the re-
gion where C2H emits, z/r & 0.2), while H2O is pri-
marily ice with some gas-phase H2O from UV photo-
desorption (also producing OH).
Figure 7 plots the 2D distributions of the gas-phase
C/O and N/O ratios for our best fit model with an in-
termediate CR ionization rate (ζCR ∼ 10−19 s−1) and
no nitrogen depletion. Whether we use an intermediate
or one order of magnitude lower CR ionization rate does
not significantly impact these results. At the surface, all
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oxygen that starts in H2O ice is quickly dissociated to
gas-phase atomic oxygen, such that the gas C/O ratio
is equal to the bulk ratio of ∼ 0.8. Where water is both
frozen-out and shielded from UV deeper in the disk, CO
becomes the primary carbon and oxygen carrier in the
gas phase, resulting in C/O ∼ 1. The layered C/O struc-
ture is visible here, where C/O in the gas is 0.8 above
normalized heights of z/r > 0.3 and ∼ 1 below this layer
until CO starts to freeze-out, at z/r . 0.1.
The N/O ratio on the other hand is  1 throughout
the disk atmosphere, and ∼ 10 when most of the nitro-
gen is in the gas and CO is the primary oxygen carrier.
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Figure 7. Gas-phase C/O and N/O ratios. Regions that
do not have sufficient gas-phase C, O, or N to make a ratio
are masked. Note the scale is saturated at the bottom edge
of the N/O plot where CO is beginning to freeze out but N2
remains as gas.
In the layer where CO begins to freeze-out, N2 is still in
the gas due to its slightly lower binding energy (Fayolle
et al. 2016), and the gas-phase N/O ratio can be > 100.
At high velocities we find a discrepancy between the
data and modeled C2H, which can be seen in Figure 8.
The high velocity emission of C2H is weaker in the mod-
els than in the data. Given the signal to noise of the C2H
data, we did not attempt to radially or vertically vary
the carbon, oxygen, and nitrogen abundances spatially
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in our fitting; however, from other sources with varied
ring-like morphologies in C2H (Bergin et al. 2016), there
is support for local variations in bulk C/O, N/O, etc.
In this instance, the bright high velocity C2H suggests
that the inner disk has more excess carbon than the
outer disk, which may point to slower sequestration of
carbon-bearing volatiles in this region due to, e.g., re-
duced freeze-out in the warm inner disk.
We also examined models where we allowed the disk
to extend out to 1000 AU, beyond the ∼ 500 AU ra-
dial region where C2H and HCN are observed. Since
the model C2H abundance continues to rise in the outer
disk for the C/O = 0.81 case (see Figure 3), we pre-
dict some emission beyond 500 AU, which was not seen.
There may be a change in the gas surface density profile
near this radius (Cleeves et al. 2016; Avenhaus et al.
2018), or the disk may have a lower C/O ratio in this
region, i.e., may have less efficient volatile sequestration
at these very low disk densities. Higher signal to noise,
resolved observations of C2H toward this source will help
disentangle these scenarios.
6. CONCLUSIONS
Using detailed physical and chemical models con-
strained by CO and dust observations, along with C2H
and HCN data from ALMA, we constrain the C/O and
N/O ratios in the molecular layer of the IM Lup disk.
Our observations trace the properties of the disk where
C2H and HCN emit, primarily at normalized heights
above z/r & 0.2. In these layers, the C2H observations
favor a super-solar elemental C/O ratio of ∼ 0.8. This
high ratio is consistent with preferential loss of water ice
from the surface, e.g., due to sequestration by an evolv-
ing and growing population of grains. We do not need to
sequester any nitrogen for our best fit model, such that
the N/O ratio is also super-solar, ∼ 10. The gas phase
values of C/O and N/O vary spatially depending on the
degree of UV shielding at a given location (Section 5.2).
While grain sequestration of ices tends to remove
volatiles from the surface, it implicitly carries them to
the midplane and into the inner disk through settling
and radial drift (e.g. O¨berg & Bergin 2016; Piso et al.
2016; Krijt et al. 2016). If this interpretation is correct,
this process would result in a large enhancement over
interstellar values of water ice in the inner disk mid-
plane, a mild enhancement of carbon-bearing ice, and
relatively little nitrogen ice transport in the solid phase.
Correspondingly, we expect the C/O and N/O ratios in
midplane solids to both be lower than solar, with N/O
much less than solar in the disk midplane.
Where settled ices eventually end up radially is still
an open question. Radial drift of solids is thought to
be quite efficient (see review of Testi et al. 2014), but
this process may be slowed by the emergence of pres-
sure variations in the disk that can effectively trap solids
(e.g., Weidenschilling 1980). Now with ALMA, ringed
radial structures are being observed, and may even be
common (e.g., ALMA Partnership et al. 2015; Andrews
et al. 2016; Isella et al. 2016; Loomis et al. 2017; Huang
et al. 2018; Fedele et al. 2018). In the absence of pres-
sure traps, these grains should travel inward, thermally
desorb, and enhance primarily oxygen, followed by car-
bon, and relatively little nitrogen. Salyk et al. (2011)
indeed found very low N/O ratios, 5 × 10−4, in the in-
ner disk with Spitzer; however, the nitrogen “correction
factors” in the inner disk gas from HCN to total N are
uncertain and require additional chemical modeling to
constrain.
These results have interesting consequences for the de-
bate regarding abundance measurements in disks (see
summary of Bergin & Williams 2017). At the low gas
temperatures typical of disks, H2 does not emit appre-
ciably (Bergin et al. 2013; McClure et al. 2016; Bergin
& Williams 2017). As a result, other uncertain mass
tracers are typically used, such as the total dust mass
multiplied by a conversion factor, or even optically thin
CO emission itself. From our modeling, we find that we
do not need to deplete nitrogen significantly, with a fac-
tor of 4− 20× difference between the CO depletion fac-
tor and that for nitrogen. These results would point to
abundance variations between these species rather than
an overall under-accounting of disk mass, which would
impact all volatile abundances at similar if not equal lev-
els. We of course cannot rule out with these data alone
some missing gas mass, since for the higher CR models, a
small amount of nitrogen depletion (a factor of a few) is
allowed, even though these are not the global best fits.
However, missing gas alone cannot explain the higher
degree of depletion needed for CO and water ice. In
the future, additional observations of nitrogen-bearing
molecules like HCN may help to break this CO mass /
gas mass degeneracy, where in larger disk surveys CO
masses appear globally low relative to the dust masses
scaled by the interstellar gas-to-dust ratio (Ansdell et al.
2016; Miotello et al. 2016; Long et al. 2017).
Going forward, these results show that readily observ-
able molecular tracers like CO, C2H, and HCN, and their
isotopologues combined with astrochemical models can
be used to constrain the gas-phase C/O and N/O ratios
within planet-forming disks. Such measurements may
furthermore shed light on the inferred volatile composi-
tion of the ices, once we better understand the mecha-
nism(s) of volatile loss from the warm molecular layer
(e.g., Furuya & Aikawa 2014; Kama et al. 2016). Future
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Figure 8. Sample model channel maps at the line center and at the line wings for HCN J = 3 − 2 (left) and C2H N = 3 − 2
J = 7/2− 5/2 (right) lines, along with the data (top, respectively) for comparison. Rows show varying C/O ratios while columns
show the low end and high end of the cosmic ray ionization rate considered.
high sensitivity, resolved observations of many sources
may further help shed light on “typical” gas-phase C/O
and N/O ratios, how they spatially vary, and how these
ratios may vary with time as planets are forming in the
disk. Together, these can one day be compared with
C/O measurements of exoplanet atmospheres, to even-
tually help unravel their formation locations and his-
tories, where observations have already shown a wide
range of exoplanet C/O values, even within a single
planetary system (Bonnefoy et al. 2016; Lavie et al.
2017).
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APPENDIX
A. UPDATED GRAIN SURFACE CHEMISTRY
The amount of dust surface area impacts the rate of grain surface chemistry that can occur. Dust surface area can be
altered by removing dust grains (but keeping their size spectrum constant), or changing the size spectrum. The default
used in the chemical code is 0.1 micron-sized grains with an abundance of χ0gr = 6 × 10−12 per H atom (Fogel et al.
2011). The reason for this default size, which is bigger than the minimum grain size used to compute the temperature
structure, is because grains smaller than this can be heated by single-photon events important below 0.06µm (Leger
et al. 1985), and thus have stochastic chemical behavior not adequately described by the present treatment in the
code.
In the sweeping approximation for surface chemistry (e.g. Hasegawa et al. 1992), the rates of surface reactions are
given by:
Ri,j = bi,j (Rdiff,i +Rdiff,j)NiNjngr, (A1)
where Nx represents the total number of species x on the average grain and ngr is the number density of dust grains.
The dimensions of Ri,j are per volume per time. The bi,j term factors in for reactions with a barrier, where the
probability for tunneling can be approximated by:
bi,j = exp
[
−2(a/})
√
2µEa
]
, (A2)
where a is the area of a site taken to be 1 A˚, and Ea is the activation energy of a given reaction. The rate coefficient
κi,j for the grain-surface reaction of species i and j is then:
κi,j =
Ri,j
ninj
(A3)
=
bi,j (Rdiff,i +Rdiff,j)NiNjngr
ninj
(A4)
=
bi,j (Rdiff,i +Rdiff,j)
ni
ngr
nj
ngr
ngr
ninj
(A5)
= bi,j (Rdiff,i +Rdiff,j)
1
ngr
(A6)
For grains where there is a substantial ice mantle, only the surface monolayer(s) should participate in the chemistry,
such that the Ni and Nj terms should be reduced by the ratio of the volume density of ice in the reactive surface area,
Nsitesnice, to the total volume density of ice, nice, such that the dilution d is given by:
d =
ngrNsites
nice
, (A7)
where Nsites is the number of surface sites per grain. The numerator, ngrNsites, is the number of sites per volume,
which equals ngrσgr/σsite.
We define Πadj to represent the ratio of adjusted surface area per volume due to grain removal or growth compared
to the standard case of 0.1 µm sized grains:
Πadj =
σgrngr
σ0grn
0
gr
. (A8)
If we assume an MRN grain size distribution (Mathis et al. 1977) where the number of grains ngr is proportional to
the size of the grains to r−3.5, we can calculate the population integrated quantity ngrσgr to be:
ngrσgr = −3ρd/ρsi
[
r−0.5max − r−0.5min
r0.5max − r0.5min
]
, (A9)
where rmin is 0.06 µm, i.e., the single-photon heating limit of Leger et al. (1985) and rmax varies. ρd is the volumetric
density of dust and ρsi is the density of silicates. Specifically, we assume two distinct dust populations, “big” grains
C, N, and O Abundances in the IM Lup disk 15
that have an upper size limit of rmax = 1 mm, and “small” grains that have an upper size limit of rmax = 1 µm as
described in Cleeves et al. (2016). Taking into account both populations, and substituting this expression into Πadj
gives:
Πadj = 100
ρd
ρgas
fbig
[
r−0.5max,big−r−0.5min
r0.5max,big−r0.5min
]
+ fsm
[
r−0.5max,sm−r−0.5min
r0.5max,sm−r0.5min)
]
[
r−0.5max,sm−r−0.5min
r0.5max,sm−r0.5min
] . (A10)
From this, we can now express the grain surface area per unit volume by
σgrngr = Πadjσ
0
grn
0
gr = Πadjσ
0
grχ
0
grnH (A11)
allowing us to express the dilution term, d, as:
d =
Πadjσ
0
grχ
0
grnH/σsite
nice
. (A12)
In the case where both i and j are spread over the full ice mantle (i.e., are diluted), the rate decreases by d2:
κi,j = d
2 bi,j (Rdiff,i +Rdiff,j)
ngr
(A13)
=
(
Πadjσ
0
grχ
0
grnH
σsitenice
)2
bi,j (Rdiff,i +Rdiff,j)
ngr
. (A14)
The final piece we need is to estimate ngr in terms of Πadj. We can do this approximately by rearranging our expression
for σgrngr:
ngr =
Πadjσ
0
grn
0
gr
< σgr >
, (A15)
and then calculate the average grain cross section again by computing the weighted average σ with the MRN grain
size distribution:
< σgr > = 5pi
[
r−0.5max − r−0.5min
r−2.5max − r−2.5min
]
(A16)
≈ 5pi
[−r−0.5min
−r−2.5min
]
= 5pir2min. (A17)
Using this expression, we estimate the grain number density to be:
ngr =
Πadjσ
0
grχ
0
grnH
5pir2min
(A18)
≈ 1
1.8
Πadjχ
0
grnH (A19)
where the prefactor comes from σ0gr = pi(0.1µm)
2, rmin = 0.06µm. We can now solve for the rate coefficient κ:
κi,j =
(
Πadjσ
0
grχ
0
grnH
σsitenice
)2
bi,j (Rdiff,i +Rdiff,j)
5pir2min
Πadjσ0grχ
0
grnH
(A20)
=
N2sites
n2ice
Πadjχ
0
grnHbi,j (Rdiff,i +Rdiff,j)
5pir2min
σ0gr
. (A21)
In this case, for decreasing surface area per unit volume Πadj, the reaction rate decreases since the amount of reactive
ice (i.e., that on the surface and not buried in the mantle) goes down when there is less surface area for freeze out and
individual mantles become thicker.
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For the case of one diluted species and one not (like reactions with atomic hydrogen, where we assume that any
atomic hydrogen is part of the reactive surface) we only multiply the rate by one dilution d factor,
κi,j =
(
Πadjσ
0
grχ
0
grnH
σsitenice
)
bi,j (Rdiff,i +Rdiff,j)
5pir2min
Πadjσ0grχ
0
grnH
(A22)
=
Nsites
nice
bi,j (Rdiff,i +Rdiff,j)
5pir2min
σ0gr
. (A23)
The dependence on Πadj drops out because the diluted species is penalized by more inert ice locked up in the non-
reactive mantle, while the other more mobile species gains from Πadj because there are fewer possible grains to occupy,
so any single grain harbors more of the undiluted hydrogen atoms. For the case where neither species is diluted, like
H(gr) + H(gr) → H2,
κi,j = bi,j (Rdiff,i +Rdiff,j)
5pir2min
Πadjσ0grχ
0
grnH
, (A24)
the rate now increases with decreasing grain surface area per unit volume Πadj for the same reason as the case above,
i.e., the probability of two H-atoms existing on the same grain and reacting to form H2 goes up when there are fewer
possible grains for them to occupy. The main result of incorporating these reactions is an overall decrease in the
efficiency grain-surface chemistry for molecules other than molecular hydrogen, where before under certain conditions
CO would be quickly converted into CO2, H2CO, or CH3OH ice. These species still form, but at a reduced abundance,
a few percent up to tens of percent of the CO ice abundance just at or below the CO snow surface.
